R
ecently, the use of 1 minus the slope of the diastolic blood pressure (BP) over the systolic BP from ambulatory recordings of BP was proposed as an overall index of arterial stiffness. 1 This index was termed the ambulatory arterial stiffness index (AASI). It is correlated with pulse-wave velocity (PWV) and shows a predictive value for cardiovascular complications that is independent of BP. 2 However, as noted in the two editorials accompanying these articles, 1,2 it is not clear whether this index is a real substitute for a more direct measure of arterial rigidity. 3, 4 We also proposed to evaluate the slope of pulse pressure (PP) as a function of mean BP obtained from 24-h BP recordings. This slope reflects the damping capacity of the large arteries that transform the discontinuous flow generated by the left ventricle into a continuous flow.
Over a number of years, we have also exploited an index of arterial stiffness based on the 24-h ambulatory measure of the arrival time of Korotkoff sounds (QKD interval), related to pulse transmission time and PWV. 5, 6 We showed that the QKD interval is a reproducible parameter 7, 8 linked to age and to the extent of left-ventricular hypertrophy, 8 and that in hypertensive patients, it predicts the occurrence of cardiovascular complications independent of other risk factors, especially blood pressure over 24 h. 9 This parameter was measured prior to any treatment in a cohort of hypertensive patients who were followed regularly in our center.
From ambulatory BP recordings, we could readily calculate the AASI and the slope of PP as a function of mean BP, and thus evaluate in the same population its characteristics and their predictive value for cardiovascular complications in comparison with the QKD. We also evaluated the reproducibility of these indices in a population of healthy volunteers.
Methods

Population
Patients were recruited from our cohort of hypertensive patients in Bordeaux, France. They had all been referred to our center before receiving antihypertensive treatment, and were selected according to the following criteria:
• Office BP Ͼ140/90 mm Hg in at least two determinations on the brachial artery. This interval was measured every 15 min along with BP for a period of 24 h. From each recording, out of 96 or so measurements, the software determines automatically, from the multiple linear regression of QKD according to systolic BP and heart rate, the theoretical value of the QKD for a systolic pressure of 100 mm Hg and a heart rate of 60 beats/min, ie, QKD 100-60 . This index minimizes the influence of the pre-ejection time and allows comparison between patients at a given level of systolic pressure. 10 The value of this parameter is inversely related to PWV and AS. The AASI was calculated in the same recordings as 1 minus the slope of the diastolic BP (DBP) against systolic BP, according to Li et al. 1 We also calculated the slope of the PP as a function of mean BP from the same BP measurements.
In cases of left-ventricular hypertrophy, the increase in duration of the QRS increases the duration of the QKD. We showed recently that subtraction of the width of the QRS exceeding 80 msec from QKD 100-60 (QKD 100-60 cor) improved the predictive value for cardiovascular complications. 11 Because AASI, PP/MBP, slope, and QKD are influenced by the height of the patient, we did not correct QKD 100-60 cor for height 12 for the comparison, because there is no validated method to height-correct AASI and PP/MBP slope.
Only patients with at least 80 validated measurements over 24 h and a negative relationship between QKD and DBP were included in the analysis. A positive relationship between QKD and DBP, found in Ͻ5% of the patients, was indicative of poor detection of Korotkoff sounds by the microphone. The reproducibility of measurements was tested on 38 healthy volunteers with two recordings over a 2-week interval.
Statistics
Data were analyzed with SPSS 11.5 software (SPSS, Inc., Chicago, IL) and shown as mean Ϯ SD. The population was divided into tertiles according to the initial value of QKD 100-60 cor, AASI, and PP/MBP slope. These groups were compared by analysis of variance. Survivors were analyzed according to the Cox model, initially in univariate mode and then by multivariate analysis. In view of the small sample size to date, the multivariate analysis was restricted to age, sex, mean BP over 24 h, mean PP over 24 h, QKD 100-60 cor, AASI, and PP/systolic BP (SBP) slope as tertile groups. The adjusted relative risk was calculated as the antilogarithm of the coefficient beta of the regression logistics.
Results
The reproducibility study in 38 volunteers showed better reproducibility for QKD 100-60 (m ϭ 224 msec, r ϭ 0.79, SD of differences [SDD] ϭ 9 msec, coefficient of variation [CV ϭ SDD/m] ϭ 4%) than for AASI (m ϭ 0.60, r ϭ 0.21, SDD ϭ 0.15, CV ϭ 25%) or the PP/MBP slope (m ϭ 0.39, r ϭ 0.24, SDD ϭ 0.24, CV ϭ 61%). Diagrams according to Bland and Altman 13 (not shown) indicated that the differences between the two measurements did not vary in any systematic way over the range of measurement.
The cohort followed in this study now comprises 469 patients, versus 412 in our previous publication. 9 Their main characteristics are listed in Table 1 . At the time of the more recent end point of the study, 29 patients had been lost to follow-up. These patients were significantly younger (age, 47 Ϯ 15 v 54 Ϯ 13; P Ͻ .05) and had lower 24-h BP (125 Ϯ 17/81 Ϯ 11, v 133 Ϯ 16/86 Ϯ 11; P Ͻ .01) and higher QKD 100-60 cor (209 Ϯ 22 v 197 Ϯ 20; P Ͻ .05) than the patients who were followed. There were no other statistically significant differences between the two groups.
In baseline conditions, AASI and PP/MBP were significantly correlated in 469 patients (r ϭ 0.57, P Ͻ .0001). These two indices were also significantly correlated with QKD 100-60 cor (r ϭ Ϫ0.29 for 2, P Ͻ .0001). The QKD 100-60 cor and AASI were significantly correlated with age, BP, mean heart rate over 24 h, and height (Table 1) .
In this population with an average follow-up of 70 Ϯ 39 months, 62 cardiovascular complications, including 13 deaths as well as 9 deaths of noncardiovascular origin, were recorded. Patients who developed a cardiovascular event had significantly higher baseline PP (59 Ϯ 15 mm Hg v 46 Ϯ 13 mm Hg; variance ratio [F] ϭ 57, P Ͻ .001), reduced baseline QKD 100-60 cor (181 Ϯ 21 msec v 200 Ϯ 19 msec; F ϭ 50, P Ͻ .001), increased age (62 Ϯ 11 years v 53 Ϯ 13 years; F ϭ 29, P Ͻ .001), 24-h SBP (142 Ϯ 15 mm Hg v 132 Ϯ 16 mm Hg; F ϭ 24, P Ͻ .001), higher baseline AASI (0.62 Ϯ 012 v 0.53 Ϯ 0.14; F ϭ 24, P Ͻ .001), PP/MBP slope (0.50 Ϯ 0.29 v 0.36 Ϯ 0.27; F ϭ 15, P Ͻ .001), and lower 24-h DBP (83 Ϯ 11 mm Hg v 86 Ϯ 11 mm Hg; F ϭ 4, P ϭ .04). There was no difference between the two groups in the nature and the number of antihypertensive treatments prescribed since the initial evaluation. In the monovariate analysis, age, PP over 24 h, QKD 100-60 cor, AASI, and PP/MBP were significantly related to the occurrence of complications. Tables 2 and 3 describe the population divided into tertiles of baseline values of QKD 100-60 cor and AASI. For QKD 100-60 cor, there were significant differences between tertiles for the prevalence of diabetes and hypercholesterolemia. The number of cardiovascular events and the cardiovascular mortality differed significantly between the three groups. For tertiles of AASI, differences were less clear-cut, and cardiovascular mortality did not differ significantly between the three groups.
In the multivariate analysis (Table 4) , when age and PP over 24 h were included in the model, only QKD 100-60 cor remained significantly linked to cardiovascular events. Survival curves after age adjustment for tertiles of QKD 100-60 and AASI are shown in Figures 2 and 3 .
Discussion
Our data provide new evidence that the recently proposed index of AS derived from ambulatory BP measurements (the AASI) showed a significant relationship to factors linked to AS, age, and PP. It was also significantly related to the occurrence of future cardiovascular events. However, its predictive value is less powerful than another index obtained by ambulatory BP monitoring (ABPM), which we believe is more closely linked to PWV and AS, ie, QKD 100-60 cor. No data on the reproducibility of the AASI are available so far. This reproducibility seems relatively low, with a 25% CV 2 weeks apart in normal subjects. AASI ϭ ambulatory arterial stiffness index; DBP ϭ diastolic blood pressure; HR ϭ heart rate; MBP ϭ mean blood pressure; NS ϭ not significant; PP ϭ pulse pressure; QKD 100-60 ϭ arrival time of Korotkoff sounds for a systolic pressure of 100 mm Hg and a heart rate of 60 beats/min; r ϭ coefficient of correlation; SBP ϭ systolic blood pressure; Sokoloff ϭ Sokoloff index; cor ϭ corrected for QRS duration. There is increasing evidence that elevated PP and AS participate in an independent manner in the risk of cardiovascular complications. This was demonstrated in patients with renal failure and in hypertensive patients. 9,14 -16 Thus, it appears advisable to assess such factors in hypertensive patients, especially in large therapeutic trials 17 designed to assess the protective influence of antihypertensive medication independent of the reduction in BP. Among the various methods for evaluation of PP and AS, 18 one of the most widely employed is the measurement of PWV. However, the use of these methods in large therapeutic trials presents practical problems that have yet to be resolved, at least on a large scale. On the other hand, ABPM is increasingly being used in therapeutic trials on hypertensive patients and has already been used in a significant fraction of these populations. New methods of analysis of the data provided by ABPM can evaluate pulsatility and AS in a given patient. The discontinuous flow generated by the left ventricle in systole is transformed by the elasticity of arteries (mainly in the aorta) into the pulsatile but continuous systolic-diastolic flow. These arteries buffer the systolic wave and, during diastole, release the pressure accumulated during systole. However, the more rigid the arterial walls, the greater will be the increase in PP for each increment in MBP. From the ABPM data of any given patient, it is possible to obtain the PP corresponding to the MBP and thus calculate the slope of variation of PP as a function of MBP.
As mean arterial pressure (MAP) is influenced by cardiac output and peripheral resistance, and the PP by ventricular ejection, stiffness of the large arteries, and the return of reflection waves, the PP/MAP relationship represents an overall index influenced by cardiac function, heart rate, and peripheral resistance. Measurement of this relationship during the spontaneous variations of these different parameters over 24 h takes into account the structural characteristics of the arterial wall, and the neurohormonal factors regulating BP. AASI ϭ ambulatory arterial stiffness index; CI ϭ confidence interval; MBP ϭ mean blood pressure; NS ϭ not significant; PP ϭ pulse pressure; QKD 100-60 ϭ arrival time of Korotkoff sounds for a systolic pressure of 100 mm Hg and a heart rate of 60 beats/min; RR ϭ relative risk; T ϭ tertile; cor ϭ corrected for QRS duration. While evaluating this index, two publications stated an interest in the AASI as a new index of AS obtained from ambulatory BP measurements. This index is inversely linked to the slope of variation of DBP as a function of SBP. This index is significantly correlated with the PWV and to the augmentation index (AI) and is associated with the occurrence of cardiovascular complications. In our population, we could readily calculate this index retrospectively from 24-h recordings of BP and QKD. We compared it with the PP/MBP slope and QKD 100-60 obtained from the same BP recordings in the same patients.
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The AASI and PP/MBP slope are similar parameters in principle and were highly correlated (r ϭ 0.57, P Ͻ .0001). Indeed, both indices reflect AS, albeit indirectly. The AASI was found to be significantly correlated with PWV (n ϭ 166, r ϭ 0.51, P Ͻ .001) in 166 volunteers studied by Li et al. 1 However, we noted lower correlations with the carotid-femoral PWV in a population of 201 hypertensive patients from the Reason Study, 20 with a coefficient of correlation of 0.33 and 0.17, respectively, for AASI and PP/MBP slope (unpublished data). These indices are not direct estimates of AS, and are influenced by systolic cardiac function, heart rate, peripheral resistance, and the return of the pressure wave, as shown by significant correlations with height and AI.
Because reproducibility of the AASI was not reported in these two initial studies, 1,2 we studied it in 38 healthy volunteers. In common with that for the PP/MBP slope, reproducibility was less than that of the QKD.
As found in an Irish cohort, 2 AASI was linked in our cohort to the occurrence of cardiovascular complications in the univariate analysis. The link with events remained significant after inclusion of age in the model but not after inclusion of mean PP over 24 h. Nonetheless, this does not contradict published results. The small number of events noted in our cohort renders our analysis much less powerful than that of Dolan et al. 2 The predictive value of PP/MBP slope is clearly poorer than that of AASI, and thus the AASI is preferable.
Our main objective was to compare these new indirect indices of AS to another index based on the estimation of PWV obtained from ambulatory BP measurements, ie, the QKD interval. In this sample of normal subjects, the reproducibility of this index was superior to that of the AASI. In this study, we found the SD of differences between two recordings of 9 msec, versus 12 msec in a preceding study of 28 normal subjects with two recordings 1 week apart 7 and 13 msec in 100 patients with systemic sclerosis whose two examinations were 1 year apart. 21 The QKD 100-60 was significantly but weakly correlated with AASI and PP/ MBP slope (r ϭ 0.29, P Ͻ .01 for the two). The predictive value of QKD 100-60 and its value corrected by the QRS duration in our cohort were the subject of two articles. 9, 11 The current analysis of 62 events supports data previously reported on 49 events. 9 The link between QKD and cardiovascular complications appeared to be stronger than that observed for the AASI and remained significant after inclusion of age and mean PP over 24 h. Two criticisms are commonly directed at the QKD method. The first is that the QKD interval is dependent on pre-ejection time. This is why we do not use average 24-h QKD value but the QKD 100-60 , which is calculated from each recording using the multivariate linear regression between QKD and heart rate (HR) and SBP. The pre-ejection time is closely related to HR. The calculation of QKD 100-60 allows the elimination of the influence of variations of HR in the variation of QKD and so reduces strongly the influence of pre-ejection time. This is well illustrated by the fact that the correlation we observed between QKD 100-60 and 24-h HR is similar to the correlation reported between carotid-femoral PWV and 24-h HR in another study. 22 We also showed previously 10 that QKD 100-60 is not correlated with echocardiographically assessed ejection fraction, at the difference of average 24-h QKD and pre-ejection time. The second criticism is that QKD measures a component of brachial, and not aortic, PWV. The QKD is linked to the pulse transmission time in a vascular territory that includes the ascending aorta, the horizontal aorta (because the armband   FIG. 2 . Age-adjusted, event-free survival curves for baseline QKD 100-60 cor tertiles.
FIG. 3.
Age-adjusted, event-free survival curves for baseline AASI tertiles.
is usually placed on the left arm), the subclavian artery, and part of the brachial artery. The ascending aorta plays a major role in buffering left-ventricular ejection, 23 and we believe that one point of interest in this method is certainly the exploration of this important part of the aorta "unseen" by the carotid-femoral PWV. As the compliance of muscular arteries such as the brachial artery is unchanged (or even improved) in hypertension, 24 ,25 the last part traveled by the pulse is unlikely to explain the reduction of QKD in hypertensive patients and its relationship to cardiovascular events. The QKD methods offer several advantages compared with conventional measurements of PWV: it is an automatic method (no observer bias) associated with 24-h ABPM, it is highly reproducible, it has no white-coat effect (because PWV is strongly dependent on BP at time of measurement, there is a white-coat effect on PWV measurements as well as on BP), and it has the ability to compare patients with different levels of BP for the same level of SBP (100 mm Hg).
Although there were methodological differences between our study and others published on the AASI, 1,2 it is not easy to evaluate the repercussions of these differences. In our study, ABPMs were recorded exclusively with an auscultatory device, whereas the two other studies of the AASI mostly used an oscillometric method. With the oscillometric method, SBP and DBP are not measured directly but are estimated from MBP with algorithms depending on the device used. We observed in our population of hypertensive patients a mean value of 0.54 Ϯ 14 for a mean age of 54 Ϯ 14 years, which appears to be higher than that of the Dublin Outcome Study (0.41). 2 Whether this difference is due to a difference in method of BP measurement or in population could not be ascertained.
Overall, our data support the value of the AASI as an indirect estimate of AS and as an element in the evaluation of cardiovascular risk in a population of hypertensive patients. However, the reproducibility of this index in a sample of normal subjects is lower, and its predictive value for complications in hypertensive patients is poorer than that of QKD 100-60 , a parameter that we believe is more directly linked to PWV. These limitations confer little interest in the AASI for use in individual patients. On the other hand, it may prove of value in the evaluation of vascular parameters in a cohort assessed with ABPM.
